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Abstract
Background: The Bramwell-Hill model describes the relation between vascular wall stiffness expressed in aortic
distensibility and the pulse wave velocity (PWV), which is the propagation speed of the systolic pressure wave
through the aorta. The main objective of this study was to test the validity of this model locally in the aorta by
using PWV-assessments based on in-plane velocity-encoded cardiovascular magnetic resonance (CMR), with
invasive pressure measurements serving as the gold standard.
Methods: Seventeen patients (14 male, 3 female, mean age ± standard deviation = 57 ± 9 years) awaiting cardiac
catheterization were prospectively included. During catheterization, intra-arterial pressure measurements were
obtained in the aorta at multiple locations 5.8 cm apart. PWV was determined regionally over the aortic arch and
locally in the proximal descending aorta. Subsequently, patients underwent a CMR examination to measure aortic
PWV and aortic distention. Distensibility was determined locally from the aortic distension at the proximal
descending aorta and the pulse pressure measured invasively during catheterization and non-invasively from
brachial cuff-assessment. PWV was determined regionally in the aortic arch using through-plane and in-plane
velocity-encoded CMR, and locally at the proximal descending aorta using in-plane velocity-encoded CMR. Validity
of the Bramwell-Hill model was tested by evaluating associations between distensibility and PWV. Also, theoretical
PWV was calculated from distensibility measurements and compared with pressure-assessed PWV.
Results: In-plane velocity-encoded CMR provides stronger correlation (p = 0.02) between CMR and pressure-
assessed PWV than through-plane velocity-encoded CMR (r = 0.69 versus r = 0.26), with a non-significant mean
error of 0.2 ± 1.6 m/s for in-plane versus a significant (p = 0.006) error of 1.3 ± 1.7 m/s for through-plane velocity-
encoded CMR. The Bramwell-Hill model shows a significantly (p = 0.01) stronger association between distensibility
and PWV for local assessment (r = 0.8) than for regional assessment (r = 0.7), both for CMR and for pressure-
assessed PWV. Theoretical PWV is strongly correlated (r = 0.8) with pressure-assessed PWV, with a statistically
significant (p = 0.04) mean underestimation of 0.6 ± 1.1 m/s. This theoretical PWV-estimation is more accurate
when invasively-assessed pulse pressure is used instead of brachial cuff-assessment (p = 0.03).
Conclusions: CMR with in-plane velocity-encoding is the optimal approach for studying Bramwell-Hill associations
between local PWV and aortic distensibility. This approach enables non-invasive estimation of local pulse pressure
and distensibility.
* Correspondence: j.j.m.westenberg@lumc.nl
1Department of Radiology, Leiden University Medical Center, Leiden, The
Netherlands
Full list of author information is available at the end of the article
Westenberg et al. Journal of Cardiovascular Magnetic Resonance 2012, 14:2
http://www.jcmr-online.com/content/14/1/2
© 2012 Westenberg et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.Background
The pathophysiological processes of cardiovascular dis-
ease involve stiffening of the arterial vessel wall.
Increased aortic wall stiffness results in an increased aor-
tic pulse pressure and left ventricular afterload, restrict-
ing left ventricular filling during diastole, which
eventually may lead to heart failure [1,2]. Additionally,
aortic stiffening is an important risk factor for end organ
damage with coronary, renal or cerebral expression as
the hemodynamic load on the end organs is increased
with impaired damping of the systolic wave [3-10]. The
growing awareness of the prognostic value of aortic stiff-
ness for the prediction of cardiovascular morbidity and
mortality, as highlighted in a meta-analysis published by
Vlachopoulos et al. [11], increases the recognition of stiff-
ness-assessment as a surrogate end point for cardiovascu-
lar disease in clinical research [12].
Assessment of regional PWV is of high interest in car-
diovascular research as the independent prognostic value
of regional PWV-assessment for outcome prediction in
various patient populations has been recognized
[2-4,7-10]. Since the majority of the reservoir capacity of
the arterial system resides in the proximal part of the
aorta, stiffness assessment in this region will provide
essential information on the aortic condition and func-
tion. Moreover, as the aorta changes in structure over its
length considerably with age, regional identification of
increased wall stiffening may provide valuable insight
into the underlying pathology.
Several estimators - such as Young’s modulus, distensi-
bility or stiffness index - are currently in use to express
aortic stiffness, all relating local blood pressure with the
distention of the aorta (either by diameter or luminal
area). Aortic distensibility is defined as the relative change
in vessel diameter over local pulse pressure [13,14]. A use-
ful surrogate marker of aortic stiffness is the pulse wave
velocity (PWV), which is defined as the velocity of the sys-
tolic pulse wave front propagating through the aorta. The
PWV is increased when atherosclerotic wall degeneration
and concomitant reduction of elastic recoil are present,
and PWV has proven to be an independent and strong
predictor of cardiovascular morbidity and mortality
[15-19].
T h eg o l ds t a n d a r df o rP W V - a s s e s s m e n ti sd e f i n e d
from invasive pressure measurements at consecutive
locations in the aorta, from which the propagation
speed of the systolic pressure wave front can be accu-
rately determined. Cardiovascular Magnetic Resonance
(CMR) with velocity-encoding (VE) is a validated alter-
native for measuring the PWV [20], globally for the
whole aorta, regionally in specific aortic segments as
well as locally at a specific position in the aorta [21].
The Bramwell-Hill model [22] theoretically links
PWV, aortic distensibility and pulse pressure together.
This model is derived from the Moens-Korteweg equa-
tion which, under modeling assumptions (i.e. vessel wall
thickness is small compared to the diameter and the cir-
culating fluid within the vessel is incompressible and
nonviscous), relates arterial stiffness and PWV. Recently,
Dogui et al. [23] tested the validity of this model and
the associations between pulse pressure, PWV and aor-
tic distensibility using VE CMR regionally in the aortic
arch. However, in their experiments, no PWV or pulse
pressure information was available locally in the aorta,
whereas distensibility is an intrinsic local measure.
In our present study, we aim to overcome the shortcom-
ings of the study of Dogui et al. by using local PWV-
assessment from in-plane VE CMR. Furthermore,
invasive pressure measurements are obtained during
catheterization to determine the local pulse pressure for
accurate distensibility assessments, and to determine the
gold standard for PWV-assessment. Therefore, the main
objective of this study was to test the validity of the
Bramwell-Hill model locally in the aorta by using PWV-
assessments based on in-plane VE CMR-acquisitions,
with invasive pressure measurements as the gold
standard.
Methods
Subjects
Data from the subjects reported in this study have been
described earlier in studies validating PWV-assessment
with VE-CMR [20,21]. Research was carried out in com-
pliance with the Helsinki Declaration. The study was
approved by the local Medical Ethical Committee. A
total of 17 patients (14 male and 3 female, mean age ±
standard deviation (SD) = 57 ± 9 years) with suspected
coronary artery disease awaiting elective cardiac cathe-
terization were prospectivelye n r o l l e di nt h es t u d ya f t e r
giving informed consent.
Patients underwent CMR examination to measure aor-
tic PWV and aortic distention. The mean interval
between catheterization and CMR was 17 ± 13 days.
Exclusion criteria were general contraindications to
CMR, evidence of aortic valve stenosis on ultrasonogra-
phy, coarctation of the aorta, or other congenital heart
disease, or a family history of Marfan syndrome.
Theoretical modeling
PWV is defined as the distance traveled (Δx)
by a wave (pressure or blood flow) divided by
the transit-time (Δt) for the wave to travel that
distance: PWV = Δx/Δt. This definition holds
true under the assumption that no wave reflec-
tions occur, as the transmission of the pressure
pulse as a sum of incident and reflected waves
does not represent the true PWV [24].
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foot-to-foot method on pressure or flow wave
front propagation to calculate the transit-time,
with only minimal interference of wave reflec-
tions [12]. The Bramwell-Hill model is derived
from the Moens-Korteweg equation, linking
PWV, vessel strain, pulse pressure and blood
density [22] as follows:
PWV = (ρ × Distensibility)
-1 / 2 (1)
with r being the blood density (1059 kg∙m
-3) and Dis-
tensibility defined by dV/(V∙dP), with V the aortic
volume and P the blood pressure. Distensibility can be
estimated by the relative lum i n a la r e ac h a n g eo v e rt h e
local pulse pressure:
Distensibility =  A/(Aminimal ×  P) (2)
with A being the luminal area and ΔA and ΔP the dif-
ference between maximal and minimal luminal area and
blood pressure, respectively, during the cardiac cycle.
The relation between PWV, pulse pressure and disten-
sibility will be tested by PWV-assessment from both
invasive pressure measurements (gold standard) and VE
CMR, with blood pressure assessment both invasively
and from brachial cuff measurement, and assessment of
aortic luminal area distention with CMR.
Invasive pressure measurements for PWVpressure
Invasive pressure-time curves and simultaneous ECG
recordings were obtained immediately after vascular
access, to avoid any interference by medication or per-
formed procedures. A 6F JR4 pressure tip catheter (Cor-
dis, Miami Lakes, FL) was introduced through a 6F sheet
(Cordis) into either one of the femoral arteries and
advanced through the aorta until just distal to the aortic
valve. During stepwise pullback, pressure waves were
recorded at consecutive positions spaced 5.8 cm apart.
Pressure-time curves and ECGs were recorded with a
sampling resolution of 2 kHz during at least 10 cardiac
cycles at each position to take into account variations
induced by respiration. PWVpressure is calculated as Δx/
Δt (expressed in m/s), where Δx is the aortic path length
between measurement sites, determined from catheter
pullback, and Δt is the transit-time for the systolic pres-
sure wave front to propagate between these sites. The
onset of the systolic pressure wave front was automati-
cally determined from the time point (relative to the R-
wave) of minimal pressure prior to the upslope of the
systolic pressure wave. Local pulse pressure was deter-
mined from the difference between maximal and minimal
pressure. Offline analysis of the pressure-time curves was
performed using custom-made software.
VE CMR for PWVt.p. and PWVi.p.
VE CMR was performed on a 1.5 Tesla CMR scanner
with a typical total acquisition time of 25 minutes
(ACS-NT15 Intera, Philips Medical Systems, Best, The
Netherlands; software release 11, Pulsar gradient system
with amplitude 33 mT/m and 100 mT/m/ms slew rate,
0.33 ms rise time). PWV was assessed regionally for the
aortic arch using a single one-directional through-plane
VE acquisition (i.e. PWVt.p.), planned perpendicular to
the aorta and transecting both the ascending aorta (site
1 in Figure 1) and proximal descending aorta (site 2).
Furthermore, PWV was determined from 2-directional
in-plane VE CMR (PWVi.p.), both regionally for the
same aortic arch trajectory as well as locally in the aorta
at the imaging location of site 2.
Figure 1 Three methods for Pulse Wave Velocity-assessment.A :P W V t.p.: a CMR acquisition plane is positioned perpendicular to the
ascending aorta, transecting both the ascending (site 1) and descending (site 2) aorta. Velocity is encoded perpendicular to the acquisition
plane. Transit-time is determined for the systolic velocity wave front to propagate from site 1 to site 2. PWVt.p. is determined from the ratio of
the distance between site 1 and 2 and this transit-time. B: PWVi.p.: three consecutive CMR acquisition planes capture the aortic arch in double-
oblique sagittal orientation. Velocity is encoded in-plane in two directions. The velocity propagation along the centerline of the aorta determines
PWVi.p..C :P W V pressure: a pressure tip catheter is inserted in the aorta and positioned at the aortic valve. During pullback, invasive pressure is
determined at positions 5.8 cm apart. The propagation of the pressure wave determines PWVpressure.
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In short, first a stack of three consecutive double-obli-
que-sagittal slices was obtained capturing the full aorta
from aortic root, arch to abdominal aorta, using cine-
gradient-echo with retrospective gating and steady-state
free-precession. This stack of slices covering the aorta
was used for planning VE CMR-acquisitions and to
measure the aortic path length of the aortic arch trajec-
tory. Next, a single-slice one-directional through-plane
VE CMR-acquisition was performed perpendicular to
the aorta at the level of the pulmonary trunk, transect-
ing both the ascending and proximal descending aorta
distal to the aortic arch. A five-element cardiac surface
coil was used for signal reception. Scan parameters
were: 90% rectangular FOV 300 × 270 mm
2, 8 mm slice
thickness, TE 2.9 msec, TR 4.9 msec, flip angle a 20°,
acquisition voxel size 2.3 × 2.1 × 8.0 mm
3, sampling
bandwidth 449 Hz, number of signal averages 2, retro-
spective gating with maximal number of phases recon-
structed into one average cardiac cycle with arrhythmia
rejection window set to acceptance threshold of 15%-
variation. The velocity sensitivity was set to 150 cm/s.
Acquisition was performed with free breathing without
respiratory compensation and scan time was almost 4
minutes at a heart rate of 60 bpm.
Finally, PWVi.p. was assessed by means of two conse-
cutive multi-slice two-directional in-plane VE CMR-
acquisitions of the three-slice double-oblique-sagittal
stack of the aorta. VE was performed in phase-encoding
(i.e., anterior-posterior AP)d i r e c t i o na n di nf r e q u e n c y -
encoding (i.e., feet-head FH) direction respectively with
velocity sensitivity set to 150 cm/s in either direction.
The body coil was used for signal reception. Scan para-
meters were: 60%-rectangular FOV 450 × 270 mm
2,
1 0m ms l i c et h i c k n e s s ,T E2 . 4m s ,T R4 . 3m s ,a 10°,
acquisition voxel size 3.5 × 2.1 × 10.0 mm
3, sampling
bandwidth 495 Hz, NSA 2, retrospective-gating with
maximal number of phases reconstructed into one aver-
age cardiac cycle with arrhythmia rejection window set
to acceptance of 15%-variation. Acquisition was per-
formed with free breathing without respiratory compen-
sation and scan time of a single acquisition amounted to
7 minutes 42 seconds at a heart rate of 60 bpm.
For CMR-assessed PWV, Δx/Δt was calculated with
Δx the aortic path length between measurement sites
and Δt the transit-time for the systolic velocity wave
front to propagate between these sites. The aortic path
length between the subsequent measurement sites in
ascending and proximal descending aorta was manually
assessed by drawing a poly-line along the centerline of
the aortic arch within the scout images, using the in-
house developed software package MASS (Leiden Uni-
versity Medical Center, Leiden, The Netherlands) [25].
At each measurement site, maximal velocity-time curves
were determined and used to evaluate the systolic wave
propagation. These velocity-time curves were deter-
mined from aortic velocity maps which were analyzed
with the in-house developed analytic software package
FLOW (Leiden University Medical Center, Leiden, The
Netherlands) [26], using automated contour detection.
T h eo n s e to ft h es y s t o l i cw a v ef r o n t ,r e q u i r e df o rt r a n -
sit-time calculation, was automatically determined from
the intersection point of a horizontal line modeling the
constant horizontal diastolic flow and a line modeling
the systolic upslope in the velocity-time curve. This line
was modeled by linear regression of the flow velocity
values within 20% and 80% of the total range of values
along the systolic upslope. This algorithm was also used
for calculating the transit-time for the propagation of
the maximal velocity wave front, obtained with in-plane
VE CMR. PWVi.p. was obtained as described before [21],
from the two three-slice acquisitions with two-direc-
tional in-plane VE CMR. The full aorta was manually
s e g m e n t e dw i t ho n es e to fc o n t o u r st h a tw a ss u b s e -
quently copied to all slices, all phases and to both AP
and FH encoding series. The aortic centerline was auto-
matically determined from the contour set and 200
equidistantly-spaced sampling chords perpendicular to
the centerline were defined. For each pixel within the
aorta, the velocity in the direction parallel along the
centerline was constructed from the velocity compo-
nents in AP and FH direction. The aortic flow velocity
was sampled along each chord and the maximal velocity
per chord was determined. For each slice, this resulted
in 200 velocity-time curves which were used to deter-
mine the transit-time as described above.
PWVt.p. and PWVi.p. were determined regionally in the
aortic arch between measurement sites 1 and 2 and
PWVi.p. was determined also locally around site 2, for
an 11.6 cm trajectory starting 5.8 cm above site 2 to 5.8
cm below site 2. The aortic luminal distension was
determined at site 2 from the maximal and minimal
cross-sectional lumen area measured as described above
with the automated contour detection on the velocity-
insensitive magnitude gradient-echo images. Immedi-
ately after VE CMR-examination, brachial cuff blood
pressure was obtained using a semi-automated sphyg-
momanometer (Dinamap, Critikon, Tampa, FL, USA),
with the subject remaining in supine position on the
CMR-table. Regional PWVpressure was determined over
the aortic arch, from pressure measurements between
sample points closest to measurement sites 1 and 2.
Furthermore, local PWVpressure was determined for an
11.6 cm trajectory around site 2.
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Statistical analysis was performed using SPSS for Win-
dows (v. 12.0.1; Chicago, IL). All data are presented as
mean values ± one SD, unless stated otherwise.
Associations of PWVt.p. and PWVi.p. with PWVpressure
were evaluated using the Pearson’s correlation coeffi-
cient (r), while variation with PWVpressure was studied
with coefficients of variation (COV; defined as the stan-
dard deviation of the differences between the two series
of measurements divided by the mean of both measure-
ments). Also mean unsigned error (with PWVpressure as
reference standard) and 95%-confidence intervals (95%-
CI) were calculated. Statistical significance of differences
between correlation coefficients was tested by stepwise
linear regression analysis with the gold standard and the
interaction between the gold standard and the tested
methods as predictors. The approach described by
Bland and Altman [27] was followed to study systematic
trends in differences. Validity of the Bramwell-Hill
model was tested by evaluating the association between
regional and local PWV with local distensibility, using
the pulse pressure measured both with brachial cuff-
assessment at CMR examination (i.e. PPcuff)a n di n t r a -
arterially during catheterization (i.e. PPcath). Further-
more, the estimated theoretical PWV from distensibility
assessment was compared to the gold standard PWVpres-
sure. Statistical significance on all tests was indicated by
p < 0.05.
Results
Patient characteristics are presented in Table 1. Mean
time span between catheterization and CMR examina-
tion was 17 ± 13 days. At catheterization, 6 patients
underwent coronary intervention. In two patients
medication with beta blocking agent was initiated after
catheterization. For these patients, CMR was performed
2 and 19 days later. In three patients, medication with
an angiotensin converting enzyme inhibitor was started
after catheterization and in one subject, dosage of the
angiotensin converting enzyme inhibitor was increased.
Regionally in the aortic arch, mean PWV from in-
plane VE CMR was 6.7 ± 2.3 m/s, mean PWV from
through-plane was 5.6 ± 1.2 m/s and mean PWV from
invasive pressure measurements was 6.9 ± 1.5 m/s.
Locally at site 2, mean PWV from in-plane VE CMR
was 7.1 ± 2.6 m/s and from invasive pressure measure-
ment 7.0 ± 1.6 m/s.
First, PWVt.p. and PWVi.p. regionally for the aortic arch
and PWVi.p. locally at the proximal descending aorta
were compared against PWVpressure.I nF i g u r e2 A ,t h e
correlation between CMR-assessed and pressure-assessed
PWV are presented. In Figure 2B, the differences with
the gold standard are presented in a Bland-Altman plot.
Statistical results are summarized in Table 2. Correlation
for regional PWV from through-plane VE CMR was low
Table 1 Patient characteristics
n Mean ± SD Range
Male 14
Female 3
Age (years) 57 ± 9 34 - 75
Length (cm) 173 ± 12 157 - 185
Weight (kg) 82 ± 11 62 - 100
Body mass index (kg.m
-2) 27 ± 4 22 - 35
Body surface area (m
2) 2.0 ± 0.2 1.7 - 2.2
Systolic blood pressure (mmHg) 129 ± 21 97 - 166
Diastolic blood pressure (mmHg) 76 ± 13 53 - 100
NYHA class 2.2 ± 1.0
class I 5
II 6
III 4
IV 2
NYHA: New York Heart Association; n: number; SD: standard deviation
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Figure 2 Correlation between invasively-assessed PWVpressure
and CMR-assessed PWV. A: correlation between PWVpressure and
CMR-assessed PWV regionally in the aortic arch from through-plane
velocity-encoded CMR and in-plane VE CMR, and locally at the
proximal descending aorta with in-plane VE CMR. B: Bland-Altman
plot of the differences.
Westenberg et al. Journal of Cardiovascular Magnetic Resonance 2012, 14:2
http://www.jcmr-online.com/content/14/1/2
Page 5 of 10and not statistically significant (r = 0.26, p = 0.31), but
improved (p = 0.02) for regional PWV-assessment from
in-plane VE CMR (r = 0.69, p = 0.002). Variation with
PWVpressure was high (27% and 24%, respectively). Mean
unsigned error for PWVt.p. was 26% and for PWVi.p. 18%.
For local PWV-assessment, correlation was strong (r =
0.91, p < 0.001) and variation amounted to 19%. The
mean unsigned error was 15%. Only regional PWVt.p.
was significantly different from PWVpressure (mean
underestimation of 1.3 ± 1.7 m/s, p = 0.006). From the
Bland-Altman plot, it is clear that this underestimation
increases with increasing PWVpressure.
Next, the validity of the Bramwell-Hill model was
tested. Associations between all PWV-assessments (i.e.
PWVt.p.,P W V i.p. and PWVpressure regionally in the aortic
arch and PWVi.p. and PWVpressure locally at the proximal
descending aorta) with (local distensibility)
-1/2 (calculated
with PPcuff and PPcath) are presented in Table 3. Local
PWV-assessment showed stronger (all p ≤ 0.01) associa-
tions (r = 0.72, p = 0.001 for PWVi.p. with distensibility
from PPcuff and r = 0.83, p < 0.001 for PWVpressure with
distensibility from PPcath) with (distensibility)
-1/2 than
regional PWV-assessment (PWVi.p.: r = 0.63, p = 0.007
for PPcuff a n dr=0 . 6 2 ,p=0 . 0 0 7f o rP P cath;P W V t.p.:r=
0.40, p = 0.11 for PPcuff a n dr=0 . 3 4 ,p=0 . 1 8f o rP P cath;
PWVpressure: r = 0.45, p = 0.07 for PPcuff and r = 0.57, p =
0.02 for PPcath). Furthermore, PWVpressure showed strong
correlation (r = 0.83, p < 0.001 for PPcuff and r = 0.80,
p<0 . 0 0 1f o rP P cath) which was comparable (p ≥ 0.24)
with CMR-assessed PWV (r = 0.72, p = 0.001 for PPcuff
and r = 0.74, p = 0.001 for PPcath). None of the associa-
tions were significantly different when using PP-values
from brachial cuff assessment or intra-arterially during
catheterization.
Finally, modeled local PWV-values were calculated from
the measured local distensibility at the proximal descend-
ing aorta (with both PPcuff and PPcath). Correlations
between these modeled local PWV-values and the gold
standard (local PWVpressure) are presented in Figure 3A.
Differences are presented in a Bland-Altman plot (Figure
3B). Statistical results are shown in Table 4. Correlation
between modeled PWV-values and PWVpressure was strong
(r = 0.82, p < 0.001 for PPcuff and r = 0.80, p < 0.001 for
PPcath, respectively) and comparable (p = 0.27) for pres-
sure measurements with brachial cuff and during catheter-
ization, with COV of 14% for PPcuff and 17% for PPcath
and mean unsigned errors of 16% for both PPcuff and
PPcath. The Bland-Altman plot also shows a significant
higher (p = 0.03) underestimation of the modeled PWV-
values for PPcuff (mean underestimation 1.1 ± 0.9 m/s (p <
0.001)) than for PPcath (mean underestimation 0.6 ± 1.1
m/s (p = 0.04)).
Table 2 Associations between CMR- and pressure-assessed PWV.
regional local
PWVt.p. vs. PWVpressure p-value comparison↔ PWVi.p. vs. PWVpressure PWVi.p. vs. PWVpressure
Pearson r 0.26 (p = 0.31) 0.02 0.69 (p = 0.002) 0.91 (p < 0.001)
COV 27% 24% 19%
Mean unsigned error 26% ± 13% 18% ± 12% 15% ± 8%
Mean difference (m/s) -1.3 ± 1.7 -0.2 ± 1.6 0.2 ± 1.3
p-value t-test 0.006 0.61 0.56
95%-CI (m/s) -2.1 - 0.5 -1.0 - 0.6 -0.4 - 0.8
PWVt.p.: Pulse wave velocity from through-plane velocity-encoded CMR; PWVi.p.: PWV from in-plane velocity-encoded CMR; PWVpressure: PWV from invasive
pressure measurements; COV: coefficient of variation; 95%-CI: 95%-confidence interval.
Table 3 Association between PWV and (distensibility)
-1/2 according to Bramwell-Hill model.
Distensibility with PPcuff p-value comparison
↔
Distensibility with PPcath
regional PWVt.p. r = 0.40, p = 0.11 0.85 r = 0.34, p = 0.18
regional PWVi.p. r = 0.63, p = 0.007 0.49 r = 0.62, p = 0.007
p-value comparison ↨ 0.01 0.01
local PWVi.p. r = 0.72, p = 0.001 0.33 r = 0.74, p = 0.001
p-value comparison ↨ 0.30 0.24
local PWVpressure r = 0.83, p < 0.001 0.27 r = 0.80, p < 0.001
p-value comparison ↨ < 0.001 < 0.001
regional PWVpressure r = 0.45, p = 0.07 0.36 r = 0.57, p = 0.02
PWVt.p.: Pulse wave velocity from through-plane velocity-encoded CMR; PWVi.p.: PWV from in-plane velocity-encoded CMR; PWVpressure: PWV from invasive
pressure measurements; PPcuff: pulse pressure from brachial cuff measurement; PPcath: pulse pressure from invasive pressure measurement during catheterization.
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In this study, the validity of the Bramwell-Hill model -
which describes the relation between pulse pressure,
pulse wave velocity and distensibility locally in the aorta
- was tested on velocity-encoded CMR-acquisitions with
invasive pressure measurements serving as the gold
standard. PWV was assessed with VE CMR as well as
with invasive pressure measurements (i.e. the gold stan-
dard), both locally at the proximal descending aorta and
regionally in the aortic arch. The main findings of our
study are: 1) correlation between the gold standard and
regional PWV-assessment in the aortic arch with in-
plane VE CMR is significantly stronger than with
through-plane VE CMR; 2) local PWV-assessment in
the proximal descending aorta with in-plane VE CMR is
stronger correlated with the gold standard than regional
PWV-assessment in the aortic arch; 3) the Bramwell-
Hill model shows stronger association between PWV,
distensibility and pulse pressure when applied to local
PWV-assessment as compared to regional assessment;
4) local PWV modeled from local distensibility is signifi-
cantly correlated with the gold standard, but shows a
significant underestimation, with a higher mean error
for pulse pressure measurement from non-invasive bra-
chial cuff than from invasive pressure assessment.
Many pathophysiological processes of cardiovascular
diseases involve increased stiffening of the arterial vessel
wall [1,2], which leads to abnormal wave propagation.
Central aortic wall stiffening may be the starting point
of a negative cascade of end organ damage and has been
reported as an important risk factor for various expres-
sions of end organ damage and dysfunction [3-10]. The
Bramwell-Hill model describes the relation between
PWV, distensibility and pulse pressure. Modeling
assumptions on arterial vessel wall and flowing blood
properties need to be taken into account, which implies
that this model is not generally valid for all individuals.
Furthermore, whereas distensibility and pulse pressure
are assessed locally in the aorta, local PWV can only be
estimated since it is determined from the wave propaga-
tion over a particular aortic trajectory, with the optimal
estimation from in-plane VE CMR.
In a previous study by Westenberg et al. it was already
shown that PWV-assessment from in-plane VE CMR
results in a more accurate estimation for global PWV in
the complete aorta [21]. Our findings show that also
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Figure 3 Correlation between local PWVpressure and PWV
calculated from aortic distensibility measurements.A :
correlation between local PWV from invasive pressure
measurements (gold standard) and calculated PWV from aortic
distensibility measurements with pulse pressure from brachial cuff
and invasive pressure measurements during catheterization. B:
Bland-Altman plot of the differences.
Table 4 Association between PWV from Bramwell-Hill model (with brachial cuff and intra-arterial pressure) and
pressure-assessed PWV.
PPcuff p-value comparison
↔
PPcath
Pearson r 0.82 (p < 0.001) 0.27 0.80 (p < 0.001)
COV 14% 17%
Mean unsigned error 16% ± 9% 16% ± 9%
Mean difference (m/s) -1.1 ± 0.9 0.03 -0.6 ± 1.1
p-value t-test < 0.001 0.04
95%-CI (m/s) -1.5 - -0.7 -1.1 - -0.1
PPcuff: pulse pressure from brachial cuff measurement; PPcath: pulse pressure from invasive pressure measurement during catheterization; COV: coefficient of
variation; 95%-CI: 95%-confidence interval.
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Page 7 of 10PWV-assessment regionally in the aortic arch as well as
locally at the proximal descending aorta correlates better
with the gold standard when using in-plane VE CMR
instead of through-plane VE CMR. The in-plane PWV-
assessment is obtained from a highly dense spatial sam-
pling of the pulse wave along the centerline of the aorta,
which contributes significantly to the accuracy.
In this study, the validity of the Bramwell-Hill model
was evaluated locally at the proximal descending aorta.
This sampling location is technically attractive and
pathophysiologically relevant. Motion blurring due to
breathing and through-plane motion due to cardiac con-
traction in the ascending aorta may affect aortic lumen
measurements, which are required for distensibility cal-
culations. Respiratory motion will have a similar effect
on the lumen assessment both in systole as in diastole.
At the location of the descending aorta, the aorta will
be subjected to minimal through-plane motion. Further-
more, it is known that the aorta stiffens with age. It was
shown that global PWV increases in a nonlinear fashion
with age and is most pronounced in the thoracic aorta
[28], probably because of cumulative degradation of
elastin fibers with age [29] that are most abundant in
the thoracic part of the aorta.
To our knowledge, we are the first to test the validity
of the Bramwell-Hill model applied at a single location
i nt h ea o r t a .W ef o u n das t r o n g e ra s s o c i a t i o nb e t w e e n
PWV, distensibility and pulse pressure for local assess-
ment than for regional assessment. Dogui et al. tested
the model on a regional level in the aortic arch and
acknowledged the inability to assess local values as a
limitation to their study [23]. Nevertheless they found
good correlations between regional PWV in the aortic
arch and aortic distensibility with correlation still
between 0.7 and 0.8. Another discrepancy with the
study from Dogui et al. is that in our study the local
pulse pressure was assessed invasively and accurately,
whereas Dogui et al. only used a global estimation by
cuff measurements and carotid tonometry. These practi-
cal improvements in our study may possibly explain the
higher correlations for the Bramwell-Hill model from
our data.
The Bramwell-Hill model can be applied to calculate
local PWV-values from distensibility measurements, or
vice versa. Theoretically, local pulse pressure can be
determined non-invasively from this model, by using
local PWV- and aortic luminal distention assessments.
Still, in our study a significant underestimation for calcu-
lated PWV-values were found when compared to PWV-
measurements assessed with invasive pressure. However,
this mean underestimation amounted to 0.6 m/s, which
may not be clinically relevant since this is in order of 10%
of normal values for aortic PWV. Several sources of error
might explain this underestimation. First, the CMR and
catheterization were not performed on the same day,
which is a limitation of our study. The time interval
between both examinations might be a possible explana-
tion for the differences, since arterial compliance is sub-
ject to physiological day-to-day differences in blood
pressure, blood flow and sympathic tone [20]. Also, it is
known that beta blocker agents and angiotensin convert-
ing enzyme inhibitors may increase aortic compliance
and inversely decrease aortic PWV [2,30]. In four
patients of the current study population, medication of
beta blocking agent was either commenced or increased
in dosage between catheterization and CMR. Addition-
ally, in four patients medication with angiotensin con-
verting enzyme inhibitor was initiated or increased. It is
unknown what the magnitude of change in aortic PWV
will be after changing medication, and what the time
interval should be for the medication to have this effect.
Our study has some additional limitations. Automated
cuff blood pressure measurements were performed for
brachial blood pressure assessment immediately after
CMR. The gold standard for measuring brachial blood
pressure noninvasively is the mercury manometer. In our
study a Dinamap automated blood pressure measure-
ment device was used. It has been described that auto-
mated sphygmomanometers are less accurate than
mercury manometers. Beaubien et al. showed that only
59% of systolic and 56% of diastolic readings will be
within 5 mmHg of the mercury manometer values [31].
Due to practical considerations, the use of an automated
sphygmomanometer was required in our study. In order
to limit sympathic influences, patients remained in
supine position on the CMR-table whilst blood pressure
measurements were performed immediately after CMR.
Furthermore, this issue is of limited concern since it
potentially will introduce a systematic error of equal
magnitude on all patients since the same sphygmoman-
ometer was used for all subjects. Furthermore, in the
2006 expert consensus on arterial stiffness it was
reported that brachial pulse pressure does not accurately
represent aortic pulse pressure [12]. Additionally, blood
pressures measurements were obtained invasively during
cardiac catheterization, which provide accurate local
values of the pulse pressure, necessary for distensibility
assessment. Still, the already acknowledged physiological
day-to-day differences in blood pressure will restrict the
interchangeable use of pressure measurements between
examinations. Local invasive pressure should ideally be
assessed simultaneously to aortic distention and PWV-
assessment. The availability of an interventional CMR
environment may facilitate further exploration of the
Bramwell-Hill model. Alternatively, this model may also
be applied inversely to calculate local pulse pressure from
PWV, acquired non-invasively from VE CMR.
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Page 8 of 10Finally, the small sample size is another limitation.
This study described a validation of the Bramwell-Hill
model for local and regional aortic PWV by VE CMR.
No data on the prognostic value of PWV-assessment
were presented. Large scale studies, both in patients and
healthy volunteers, are needed for further testing the
validity of the Bramwell-Hill model and to assess
whether local PWV from in-plane VE CMR is superior
to regional PWV-assessment for predicting outcome.
Additionally, PWV-assessment from in-plane VE CMR
has been proven to be accurate and reproducible [21],
but image acquisition and analysis still remain time-con-
suming, which hampers widespread use in clinical prac-
tice. Carotid-femoral or sternal-femoral ultrasound data
still provide a faster and more cost-effective estimation
of PWV.
Conclusion
CMR with in-plane velocity-encoding is the optimal
approach for studying the association between local
PWV and aortic distensibility as described by the Bram-
well-Hill model. This approach enables local pulse pres-
sure and local distensibility estimation in a non-invasive
manner.
Acknowledgements and funding
Funding for this study by the Netherlands Heart Foundation (Project
2006B138) is gratefully acknowledged. We would like to acknowledge Gerrit
Kracht for graphic design.
Author details
1Department of Radiology, Leiden University Medical Center, Leiden, The
Netherlands.
2Department of Internal Medicine, Leiden University Medical
Center, Leiden, The Netherlands.
3Department of Cardiology, Leiden
University Medical Center, Leiden, The Netherlands.
Authors’ contributions
JW is responsible for conception and design of this study, data acquisition,
analysis and interpretation of the results and drafting of the manuscript; EvP
carried out data analysis, interpretation of the results and drafting of the
manuscript; HG carried out data acquisition and revising of the manuscript;
PS carried out data acquisition, data analysis, interpretation of the results
and revising of the manuscript; WJ carried out data acquisition,
interpretation of the results and revising of the manuscript; AdR is
responsible for conception and design of this study, interpretation of the
results and drafting of the manuscript. All authors read and approved the
final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 5 August 2011 Accepted: 9 January 2012
Published: 9 January 2012
References
1. O’Rourke MF, Staessen JA, Vlachopoulos C, Duprez D, Plante GE: Clinical
applications of arterial stiffness; definitions and reference values. Am J
Hypertens 2002, 15:426-444.
2. Auseon AJ, Tran T, Garcia AM, Hardy CJ, Valavalkar P, Moeschberger M,
Raman SV: Aortic pathophysiology by cardiovascular magnetic resonance
in patients with clinical suspicion of coronary artery disease. J Cardiovasc
Magn Reson 2007, 9:43-48.
3. Boutouyrie P, Tropeano AI, Asmar R, Gautier I, Benetos A, Lacolley P,
Laurent S: Aortic stiffness is an independent predictor of primary
coronary events in hypertensive patients: a longitudinal study.
Hypertension 2002, 39:10-15.
4. Mattace-Raso FU, van der Cammen TJ, Hofman A, van Popele NM, Bos ML,
Schalekamp MA, Asmar R, Reneman RS, Hoeks AP, Breteler MM,
Witteman JC: Arterial stiffness and risk of coronary heart disease and
stroke: the Rotterdam Study. Circulation 2006, 113:657-663.
5. van Elderen SG, Westenberg JJ, Brandts A, van der Meer RW, Romijn JA,
Smit JW, de Roos A: Increased aortic stiffness measured by MRI in
patients with type 1 diabetes mellitus and relationship to renal function.
AJR Am J Roentgenol 2011, 196:697-701.
6. Blacher J, Guerin AP, Pannier B, Marchais SJ, Safar ME, London GM: Impact
of aortic stiffness on survival in end-stage renal disease. Circulation 1999,
99:2434-2439.
7. O’Rourke MF, Safar ME: Relationship between aortic stiffening and
microvascular disease in brain and kidney: cause and logic of therapy.
Hypertension 2005, 46:200-204.
8. Brandts A, van Elderen SG, Westenberg JJ, van der Grond J, van
Buchem MA, Huisman MV, Kroft LJ, Tamsma JT, de Roos A: Association of
aortic arch pulse wave velocity with left ventricular mass and lacunar
brain infarcts in hypertensive patients: assessment with MR imaging.
Radiology 2009, 253:681-688.
9. van Elderen SG, Brandts A, van der Grond J, Westenberg JJ, Kroft LJ, van
Buchem MA, Smit JW, de Roos A: Cerebral perfusion and aortic stiffness
are independent predictors of white matter brain atrophy in type 1
diabetic patients assessed with magnetic resonance imaging. Diabetes
Care 2011, 34:459-463.
10. Laurent S, Katsahian S, Fassot C, Tropeano AI, Gautier I, Laloux B,
Boutouyrie P: Aortic stiffness is an independent predictor of fatal stroke
in essential hypertension. Stroke 2003, 34:1203-1206.
11. Vlachopoulos C, Aznaouridis K, Stefanadis C: Prediction of cardiovascular
events and all-cause mortality with arterial stiffness: a systematic review
and meta-analysis. J Am Coll Cardiol 2010, 55:1318-1327.
12. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D,
Pannier B, Vlachopoulos C, Wilkinson I, Struijker-Boudier H, European
Network for Non-invasive Investigation of Large Arteries: Expert consensus
document on arterial stiffness: methodological issues and clinical
applications. Eur Heart J 2006, 27:2588-2605.
13. Herment A, Lefort M, Kachenoura N, De Cesare A, Taviani V, Graves MJ,
Pellot-Barakat C, Frouin F, Mousseaux E: Automated estimation of aortic
strain from steady-state free-precession and phase contrast MR images.
Magn Reson Med 2011, 65:986-993.
14. Grotenhuis HB, Westenberg JJ, Doornbos J, Kroft LJ, Schoof PH,
Hazekamp MG, Vliegen HW, Ottenkamp J, de Roos A: Aortic root
dysfunctioning and its effect on left ventricular function in Ross
procedure patients assessed with magnetic resonance imaging. Am
Heart J 2006, 152(5):975.e1-8.
15. Blacher J, Asmar R, Djane S, London GM, Safar ME: Aortic pulse wave
velocity as a marker of cardiovascular risk in hypertensive patients.
Hypertension 1999, 33:1111-1117.
16. Meaume S, Benetos A, Henry OF, Rudnichi A, Safar ME: Aortic pulse wave
velocity predicts cardiovascular mortality in subjects >70 years of age.
Arterioscler Thromb Vasc Biol 2001, 21(12):2046-2050.
17. Sutton Sutton-Tyrrell K, Najjar SS, Boudreau RM, Venkitachalam L,
Kupelian V, Simonsick EM, Havlik R, Lakatta EG, Spurgeon H, Kritchevsky S,
Pahor M, Bauer D, Newman A, Health ABC Study: Elevated aortic pulse
wave velocity, a marker of arterial stiffness, predicts cardiovascular
events in well-functioning older adults. Circulation 2005, 111:3384-3390.
18. Willum-Hansen T, Staessen JA, Torp-Pedersen C, Rasmussen S, Thijs L,
Ibsen H, Jeppesen J: Prognostic value of aortic pulse wave velocity as
index of arterial stiffness in the general population. Circulation 2006,
113:664-670.
19. Cruickshank K, Riste L, Anderson SG, Wright JS, Dunn G, Gosling RG: Aortic
pulse-wave velocity and its relationship to mortality in diabetes and
glucose intolerance: an integrated index of vascular function? Circulation
2002, 106:2085-2090.
20. Grotenhuis HB, Westenberg JJ, Steendijk P, van der Geest RJ, Ottenkamp J,
Bax JJ, Jukema JW, de Roos A: Validation and reproducibility of aortic
pulse wave velocity as assessed with velocity-encoded MRI. J Magn
Reson Imaging 2009, 30:521-526.
Westenberg et al. Journal of Cardiovascular Magnetic Resonance 2012, 14:2
http://www.jcmr-online.com/content/14/1/2
Page 9 of 1021. Westenberg JJ, de Roos A, Grotenhuis HB, Steendijk P, Hendriksen D, van
den Boogaard PJ, van der Geest RJ, Bax JJ, Jukema JW, Reiber JH: Improved
aortic pulse wave velocity assessment from multislice two-directional in-
plane velocity-encoded magnetic resonance imaging. J Magn Reson
Imaging 2010, 32:1086-1094.
22. Bramwell JC, Hill AV: The velocity of the pulse wave in man. Proc R Soc
Lond B 1922, 93:298-306.
23. Dogui A, Kachenoura N, Frouin F, Lefort M, De Cesare A, Mousseaux E,
Herment A: Consistency of aortic distensibility and pulse wave velocity
estimates with respect to the Bramwell-Hill theoretical model: a
cardiovascular magnetic resonance study. J Cardiovasc Magn Reson 2011,
13:11.
24. Stevanov M, Baruthio J, Gounot D, Grucker D: In vitro validation of MR
measurements of arterial pulse-wave velocity in the presence of
reflected waves. J Magn Reson Imaging 2001, 14:120-127.
25. van der Geest RJ, de Roos A, van der Wall EE, Reiber JH: Quantitative
analysis of cardiovascular MR images. Int J Card Imaging 1997, 13:247-258.
26. van der Geest RJ, Niezen RA, van der Wall EE, de Roos A, Reiber JH:
Automated measurement of volume flow in the ascending aorta using
MR velocity maps: evaluation of inter- and intraobserver variability in
healthy volunteers. J Comput Assist Tomogr 1998, 22:904-911.
27. Bland JM, Altman DG: Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet 1986, 1:307-310.
28. Taviani V, Hickson SS, Hardy CJ, McEniery CM, Patterson AJ, Gillard JH,
Wilkinson IB, Graves MJ: Age-related changes of regional pulse wave
velocity in the descending aorta using Fourier velocity encoded M-
mode. Magn Reson Med 2011, 65:261-268.
29. Schlatmann TJ, Becker AE: Histologic changes in the normal aging aorta:
implications for dissecting aortic aneurysm. Am J Cardiol 1977, 39:13-20.
30. Groenink M, de Roos A, Mulder BJ, Spaan JA, van der Wall EE: Changes in
aortic distensibility and pulse wave velocity assessed with magnetic
resonance imaging following beta-blocker therapy in the Marfan
syndrome. Am J Cardiol 1998, 82:203-208.
31. Beaubien ER, Card CM, Card SE, Biem HJ, Wilson TW: Accuracy of the
Dinamap 1846 XT automated blood pressure monitor. J Hum Hypertens
2002, 16:647-652.
doi:10.1186/1532-429X-14-2
Cite this article as: Westenberg et al.: Bramwell-Hill modeling for local
aortic pulse wave velocity estimation: a validation study with velocity-
encoded cardiovascular magnetic resonance and invasive pressure
assessment. Journal of Cardiovascular Magnetic Resonance 2012 14:2.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Westenberg et al. Journal of Cardiovascular Magnetic Resonance 2012, 14:2
http://www.jcmr-online.com/content/14/1/2
Page 10 of 10